The PDF file includes: . Schematics describing how CD31 signal intensity and cleaved caspase-3 signal intensity were measured for quantification. Legends for movies S1 to S4 Table S1 . Oligo sequences for CRISPR. PDAC migrated towards the source channel more robustly with multiple locations on the channel exhibiting protrusive activities. (E) Characterization of the gradient in the device whose two channels were 1mm apart. 21kDa fluorescein isothiocyanate (FITC-dextran) dextran fluorescent was introduced into one channel. The signal intensity of dextran was imaged along the distance between the two channels at 1, 4, and 24hrs. Gradient was established at 1hr. A shallow gradient was still maintained at 24hr. cell nuclei were stained with DAPI (in blue), PD7591 was stained with anti-GFP (in green), and collagen IV was stained with anti-collagen IV (in white). Table S1 . Oligo sequences for CRISPR. EGM-2 was used in all coculture experiments unless indicated otherwise. All cells in the study were routinely tested to confirm no mycoplasma contamination.
Device fabrication and 3D organotypic PDAC experiments. Our organotypic PDAC on-a-chip was comprised of two polydimethylsiloxane (PDMS) gaskets, cast from silicon wafer masters. The gaskets were bonded after plasma etching, treated with 0.1 mg/ml poly-L-lysine (Sigma) overnight and subsequently treated with 1% glutaraldehyde (Electron Microscopy Sciences). 2.5 mg/ml rat tail collagen I (Corning) was pipetted into the devices after 2 acupuncture needles of 300 µm diameter were inserted in the device. Retrieval of the needles after gelation left 2 hollow cylindrical channels suspended within the collagen interstitial matrix. The two channels generated by the acupuncture needles were either 500 µm apart or 1 mm apart from each other.
To quantify the invasion speed of PDAC cells in 3D, we used devices where two hollow channels, generated by acupuncture needles, were 1mm apart. Gradient characterization was also performed in device where the two channels were 1 mm apart. For screening experiment to identify the most robust chemotactic agent for pancreatic cancer cells, we used devices when the two channels were also 1 mm apart. Monocyte chemoattractant protein 1 (MCP-1), Hepatocyte growth factor (HGF), Epidermal growth factor (EGF), Vascular endothelial growth factor (VEGF), basic Fibroblast growth factor (bFGF), and
Stromal cell-derived factor 1 (SDF-1) were all used at 100 ng/ml into the source channel without endothelial cells. 20% FBS was deemed as the most effective chemoattractants to trigger invasion of pancreatic cancer cells when the source and sink channels were 1mm apart.
All other experiments were performed with devices where needles were 500 µm apart from each other to facilitate tumor-vascular interactions in a shorter period of time. Of note, to maintain the similar gradient, since we reduced the distance between the two channels by half, the amount of FBS was also reduced by half to maintain the steepness of the FBS gradient (20% FBS was supplemented into the source channel when the two channels were 1mm apart, and 10% FBS was supplemented into the biomimetic blood vessel when the two channels were 500 µm apart). In all cases, PDAC cells were seeded at 2x10 6 cells/ml in EBM-2 (Lonza) and HUVECs were seeded at 3x10 6 cells/ml in EGM-2 (Lonza) as previously described (18). Devices were placed on a platform rocker (Benchmark Scientific) as previously described (18).
One day after cell seeding, media in the blood vessel channel (EGM-2) was supplied with additional FBS (10% FBS for devices whose biomimetic blood vessel and pancreatic cancer duct were 500 µm apart, and 20% FBS for devices whose biomimetic blood vessel and pancreatic cancer duct channel were 1 mm apart) to induce migration of PDAC cells. Media in the PDAC channel (EBM-2) was also refreshed the next day after cell seeding. The media in both biomimetic blood vessel (EGM-2 + 10% FBS) and pancreatic cancer duct channel (EBM-2) were refreshed daily to maintain the gradient of FBS over the entire course of the experiments.
For experiment to inhibit TGFβ signaling with SB431542, the biomimetic blood vessel and pancreatic cancer duct were 500 µm apart. SB431542 (Tocris) was administered at 5 µM into both channels when the PDAC cells closely approached the endothelium. For activin inhibition experiment using follistatin, the biomimetic blood vessel and pancreatic cancer duct were 500 µm apart. Follistatin (Peprotech) was administered at 200 ng/ml into both channels when the PDAC cells closely approached the endothelium.
Medium supplemented with inhibitors was refreshed daily for both SB431542 and follistatin experiments.
Characterization of the gradient in 3D organotypic model. 21kDa fluorescein isothiocyanate (FITCdextran) dextran (Sigma) was introduced into the biomimetic blood vessel at the concentration of 0.5mg/ml. We used devices whose channels were 1mm apart from each other. At 1hr, 4hr, and 24hr after FITC-dextran was added into the biomimetic blood vessel, we imaged a single focal plane using a 10x objective with spinning disk confocal microscope and acquired multiple overlapped positions along the distance between the biomimetic model and the pancreatic duct channel. Overlapped images were stitched, and we measured the intensity of FITC-dextran along a straight line between the two channels.
Cloning and virus production. ALK4, ALK5 and ALK7 were knocked out by using the LentiCRISPRv2 vector (Addgene). The two complementary oligos were listed in Table 1 . The oligos were mixed at 1:1 ratio to a final concentration of 50 μM and annealed as followed: 37°C for 30 mins, 95°C for 5 mins, and then ramped down to 25°C at 5°C/min. All cloning products were confirmed by sequencing from QuintaraBio. For lentivirus production, HEK 293T/17 cells were transfected with three plasmids (15 μg lentiviral vector, 15 μg psPAX2, and 5 μg pMD2G), using the standard calcium phosphate precipitation method. Virus was harvested 24 hrs post transfection, filtered through 0.45 µm filter (Millipore), pelleted by PEG-it solution (System Biosciences), and resuspended in medium.
Western blot analysis. Total protein lysates were isolated using RIPA buffer (Cell Signaling). Proteins were fractionated by SDS-PAGE. Primary and secondary antibodies included rabbit anti-ALK5 antibody (Abcam, ab31013, 1:500), rabbit anti-ALK7 antibody (Abcam, ab65088, 1:1000), rabbit anti-ALK4
antibody (Abcam, ab109300, 1:1000), rabbit anti-GAPDH (Cell Signaling, 5174s, 1:10000), rabbit anti- Quantification of the invasion speed of tumor cells in 3D organotypic model. The devices were imaged live using bright field microscopy, Nikon TE200 with 10x air objective. Multiple overlapping images were acquired and stitched together to obtain the entire pancreatic duct channel. A custom
Matlab code was used to track the distance from the tip of each tumor cell sprouts to the pancreatic duct.
The average of the distance was calculated and reported at several time points.
EdU staining in 3D organotypic model. Cell proliferation in 3D organotypic model with or without FBS
was assessed by using Click-iT EdU Imaging kits (Invitrogen). 3D organotypic model was cultured with or without FBS for 2 or 5 days and 10 μM EdU was incorporated at Day 2 and Day 5 respectively. After 30 min incorporation of EdU, the solution was removed and the cells in the chip were fixed with 4% PFA for 30 min. After fixation the device was permeabilized with 0.5% Triton in PBS for 1 hour. EdU detection was performed following the protocol provided by the vendor. Briefly, 1X Click-iT® EdU buffer additive and Click-iT reaction cocktail were prepared. The Click-iT® reaction was initiated within 15 minutes of cocktail preparation by adding 300 µl of the reaction cocktail to the device. Reaction was done for 4 hours on a rocker and the Click-iT reagent was removed and washed by 3% BSA in PBS. After that, antibody staining for anti-GFP (1:500 in 3% BSA) and DAPI (1:500 in 3% BSA) were performed for co-staining.
Quantification of the area of biomimetic blood vessel replaced by tumor cells in 3D organotypic
model. The devices were fixed and stained as discussed above. To capture the entire biomimetic blood vessel, we utilized 10x air objective and imaged several overlapping areas of the biomimetic blood vessel until tumor cells were no longer visualized on the biomimetic blood vessels. Using ImageJ, we stitched these overlapping stack images together. Then we individually projected the top half and bottom half of the vessels. Using a custom Matlab code, we traced the area of the blood vessel that was replaced by tumor cells for both the top half and the bottom half of the biomimetic blood vessel. The total tumor replaced blood vessel was the sum of the tumor replaced areas from the bottom half and top half of the biomimetic blood vessel. Our biomimetic blood vessels were generated by acupuncture needles with 300µm diameter and 6mm in length, which gave us a total surface area of the blood vessel as 5. Movie rendering for endothelial cell-ablated blood vessel in 3D organotypic model. The devices were fixed and stained as discussed above. To enable us to perform 3D rendering, we utilized a water immersion 40x objective to image through the gel and capture the bottom half of the biomimetic blood vessel whose endothelial cells were partially ablated by the tumor cells (the working distance of the objective was not able to fully capture the upper part of the biomimetic blood vessel that was deep inside the gel). Confocal images were acquired with an Axiovert 200M inverted microscope (Zeiss) equipped with an CSU10 spinning disk confocal scan head (Yokogawa Electric Corporation), and an Evolve EMCCD camera (Photometrics). Several overlapped positions were imaged and stitched together using ImageJ. Finally, the stitched images were 3D rendered using Imaris (Bitplane).
PDAC vascular invasion in 2D patterned coculture invasion assay. Annulus rings were fabricated using biopsy hole punches (2 mm and 3.5 mm diameter) from a PDMS slab. The annulus rings were placed in the center of wells in a 24-well plate. 10,000 PDAC cells were seeded inside the annulus ring while HUVECs were subsequently seeded at 150,000 cells outside the annulus ring. The annulus rings were peeled off the next day, and the cells were allowed to grow for 2 days until the two cell types were in contact all around the tumor cell patterns. The experiment was then initiated, and images were acquired at t=0. To quantify the invasion area of PDAC cells, multiple overlapping images of YFP PDAC cell islands were imaged using TE200 microscope (Nikon). The overlapping images were stitched, and the PDAC invasion area was quantified using a custom Matlab code to track the area of the tumor cell pattern as discussed below. SB431542 was used at 5 µM. Follistatin (Peprotech) was administered at 80 ng/ml.
Aphidicolin was used at 0.5µg/ml. All inhibitors were refreshed daily.
For experiment with ALK7 knockout cells, the same number of cells was plated for both ALK7 KO and Scramble cells. After the annulus rings were removed, we allowed the tumor cells to grow into contact with the endothelial cells in all around the tumor cell patterns for 4 days. The following day, active caspase3/7 bioluminescence kit (Promega) reagent was added into the well per the instruction manual to measure the bioluminescent signal intensity produced by active caspases.
Quantification of cleaved caspase-3 signal intensity in 2D patterned coculture assay. Tumor PD7591 and endothelial cells were plated as discussed above in the 2D patterned coculture assay. 3 days after the annulus was removed and the two cells came into contact, we fixed the cells with 4% paraformaldehyde and performed staining for CD31, and cleaved caspase-3. Anti-GFP antibody was also used to stain YFP PD7591. For each pattern of tumor cell island, we imaged 4 random images at four different corners with a 10x objective using TE200 microscope (TE200). For each image, using a custom complete, the animals were euthanized using carbon dioxide followed by a cervical dislocation, and the tumors were excised to examine tumor microenvironment and tumor invasion to blood vessels. In some instances, to acquire the staining of Collagen IV in the basement membrane surrounding the blood vessels within the tumors, we resuspended PD7591 in cancer growth media without Matrigel and followed the same procedure described above. Exclusion of Matrigel during tumor cell injection ensured the presence of Collagen IV was from the blood vessels rather than from the basement membrane proteinrich Matrigel. For SB431542 treatment, SB431542 (Tocris) was solubilized in DMSO at 20 mg/ml. At day 9 of tumor outgrowth, 10 mice were randomly assigned into 2 groups (5 mice/group). We administered SB431542 intraperitoneally using insulin syringes into one group of mice at 25 mg/kg/day for 7 days, and vehicle control (DMSO) into the other group. Mice were sacrificed as described above after the experiments were complete. No statistical method was used to pre-determine the sample size. All animal procedures were performed at the Charles River campus animal facility at Boston University under a protocol approved by the institutional IACUC. All experiments in this study conformed to the "Guide for we performed the same level of thresholding across all the images using ImageJ on the CD31 channel to eliminate background signal. The total signal intensity of CD31 after thresholding was analyzed using
ImageJ for each field of view. We then normalized the CD31 signal intensity to the average CD31 signal intensity in DMSO 1 week to enable us to compare across 1 week and 2 week conditions. For cleaved caspase-3 signal analysis, we used the same thresholding level for all images of cleaved caspase-3 channel across DMSO and SB431542 conditions to eliminate background signal. Then we subjected the images to our custom Matlab code to isolate cleaved caspase-3 signal that overlapped with the CD31 signal (previously thresholded during CD31 analysis using the same level for all images in DMSO and SB431542 conditions). The sum of caspase signal in CD31 positive endothelial cells was used to calculate the total cleaved caspase-3 signal in endothelial cells for each image or field of view. To allow comparison between different conditions, the cleaved caspase-3 signal intensity was normalized to the DMSO control sample at 1 week.
For the ALK7 knock out PDAC implantation experiments, each experimental group had a total of 25 images (5 mice/group and 5 images per mice). To eliminate background signal in the CD31 channel, the threshold was kept constant across the experimental groups using ImageJ. After thresholding, the total CD31 signal intensity was analyzed in ImageJ for each image. For cleaved caspase-3 signal analysis, we performed the same analysis as described above for the SB431542 experiments, with the difference that the data for ALK7 KO condition was normalized to the Scramble condition. A schematic illustrating the steps to perform analysis for CD31 signal intensity and cleaved caspase-3 signal is provided in fig. S10 .
Statistical analysis. Independent sample populations were compared using unpaired, two-tailed Student's t-test with a normal distribution assumption. *P < 0.05 was the threshold for statistical significance. * denotes p-value < 0.05, ** denotes p-value < 0.01, and *** denotes p-value < 0.001. All information regarding the number of experimental repeats and sample sizes were included in figure legends. All data points on the graphs represent average values, and error bars depict SEM.
